The application of statistical Design of Experiments (DOE) to helicopter wind tunnel testing was explored during two powered rotor wind tunnel entries during the summers of 2012 and 2013. These tests were performed jointly by the U.S. Army Aviation Development Directorate Joint Research Program Office and NASA Rotary Wing Project Office, currently the Revolutionary Vertical Lift Project, at NASA Langley Research Center located in Hampton, Virginia. Both entries were conducted in the 14-by 22-Foot Subsonic Tunnel with a small portion of the overall tests devoted to developing case studies of the DOE approach as it applies to powered rotor testing. A 16-47 times reduction in the number of data points required was estimated by comparing the DOE approach to conventional testing methods. The average error for the DOE surface response model for the OH-58F test was 0.95% and 4.06% for drag and download, respectively. The DOE surface response model of the Active Flow Control test captured the drag within 4.1% of measured data. The operational differences between the two testing approaches are identified, but did not prevent the safe operation of the powered rotor model throughout the DOE test matrices.
I. Introduction
Statistical Design of Experiments (DOE) is a rigorous methodology used to plan, execute, and analyze an experiment, (Ref. 1) . DOE utilizes various statistical methods and tools to strategically guide the investment of resources prior to an experiment and ensures statistically defendable and objective results at the conclusion. Originally developed for use in the agricultural industry, DOE has been successfully employed in various aerospace applications over the past 15 years (Refs. [2] [3] [4] . Efficient screening of independent variables and estimation of response surface models are examples of the tangible benefits of the implementation of a DOE approach in experimentation. However, the success of a designed experiment depends on subject-matter expertise to aid in choosing and determining the levels of the independent variables, deciding inferential risks, and interpreting the results.
DOE emphasizes the principles of randomization, replication, and blocking. Randomization describes the order in which the runs are executed in an experiment and is a best practice for reducing dependencies among the observations or measurements. While techniques exist for instances where complete randomization is impractical or unrealistic, randomization protects the responses by averaging extraneous effects that may exist. Replication is the process of independently repeating measurements under a set of identical conditions. It provides an estimate of the pure experimental error, which sets the lower bound for uncertainty. The number of runs required in an experiment may be determined from this estimate, commonly known as sample size calculation. Blocking is used to limit the impact of variables that are not or cannot be controlled during an experiment. Day-to-day variability is a common parameter that can impact the analysis but is generally not of interest during an experiment. An experimental design with blocks can reduce or nearly eliminate the impacts of this potential variability.
Currently, the majority of wind tunnel testing is conducted using a One Factor At a Time (OFAT) approach. The major difference between the OFAT and the DOE approach to experimentation is how interactions between independent variables are considered. OFAT involves modifying the independent variables one-at-a-time whereas DOE typically modifies the independent variables together. As a result, it is possible to detect interaction effects and estimate them in a response surface model. Two-level factorial designs are common in designed experiments where each independent variable is varied simultaneously across two levels: low (-1) and high (+1). For example, a two-level factorial design with k = 3 independent variables consists of 2 k = 2 3 = 8 test conditions, as shown in Figure 1 . In this example, the effects of x 1 , x 2 , and x 3 as well as the joint effects x 1 x 2 , x 1 x 3 , and x 2 x 3 can be determined and estimated. For experiments with more than five independent variables, a fraction of all possible factorial combinations can be run to improve the execution efficiency.
During wind tunnel test planning, the researcher is required to prioritize the test objectives to fit within the resources available. Undoubtedly, all possible combinations of the independent variables cannot be tested within the allotted time frame. Recent budget cuts and fiscal uncertainty has created an increased focus on the researcher to maximize productivity while minimizing cost. Due to the inherently complex nature of powered rotor wind tunnel testing, windon rates (the ratio of testing time to tunnel occupancy time) are generally much lower than their fixed-wing or isolated fuselage counterparts. This increased complexity is related to the routine maintenance required on a powered model and the increased number of personnel needed to operate the model. For example in the 14-by 22-Foot Subsonic Tunnel (14x22) at NASA Langley Research Center (LaRC), it is not uncommon for a standard fixed-wing test to have a 50-70% wind-on rate compared to a powered rotor test rate of 25%.
In an effort to improve testing efficiency and reduce uncertainty error, two powered rotor wind tunnel tests were conducted using both OFAT and DOE test matrices. The first test was of a 37.7% scale model of an OH-58F to update the flight performance models and investigate potential interactional aerodynamic issues for the new F-model aircraft. The second test was a generic transport class fuselage with Active Flow Control (AFC) used for the reduction of fuselage drag and download. The primary objectives of both tests were met using standard OFAT testing principals.
Near the end of each test entry, a DOE approach was used to form case studies. By replacing the OFAT test matrix with a DOE test matrix, direct comparisons between both methods could be used to aid in future test planning.
II. Tests Description
To gain confidence in the DOE methodology as it applies to powered rotor testing, the method was implemented during two powered rotor wind tunnel entries at the 14x22 at NASA LaRC during the summers of 2012 and 2013. These two tests formed case studies to provide understanding of the operational and methodological differences between DOE and OFAT test approaches as they apply to powered rotor testing. Standard OFAT test matrices were conducted throughout the majority of both wind tunnel entries. The design spaces formed by the OFAT test matrices were then repeated using a DOE test matrix approach. By repeating design space, the models developed using DOE could be directly compared to the experimental results obtained using OFAT.
A. 14-by 22-Foot Subsonic Tunnel
The 14x22 is a 770 ft closed circuit, single return, atmospheric wind tunnel (see Fig. 2 ). The tunnel was constructed in 1970 to provide improved understanding of the aerodynamics of Vertical/Short Take-Off and Landing (V/STOL) aircraft (Ref. 5). The 14x22 is currently used to assess aerodynamic performance for low-speed tests of powered and unpowered fixed wing and rotorcraft models over a wide range of takeoff, landing, cruise, and high angle-of-attack conditions. A sketch showing the major components of the tunnel is presented in Fig. 3 , as configured for the OH-58F test. All of the stations presented are referenced to the beginning of the test section in feet. For tunnel calibration and repeatability checks, a probe was placed at the standard model location in the empty tunnel (17.75 ft, marked by the red line in the figure) during check-standard testing. See Ref. 5 for more details.
B. General Rotor Model System (GRMS)
For both tests, the General Rotor Model System (GRMS) was used. The GRMS is a rotor drive system that can be fully enclosed within a fuselage shell. As described by Murrill (Ref. 6) , the system is powered by two 75 hp water-cooled variable frequency electric motors and is capable of driving a rotor up to 13.2 ft in diameter through either a 5.47:1 high-speed transmission or a 6.90:1 low-speed transmission. Cooling for the motors is provided by an external water chiller, and lubrication for the transmission was supplied from an external lube cart. Two internal six-component strain gage force and moment balances are used for measuring the fuselage and rotor aerodynamic loads separately.
C. OH-58F Test Case Study
For the OH-58F test, the GRMS was enclosed in a 37.7% scale model of the aircraft, powering a similarly-scaled rotor, and is shown in the standard mission configuration in Fig. 4 . The full test involved a large number of configuration changes and advanced measurement techniques, (Ref. 7). The focus of this paper is on the measured fuselage drag and download values in the mission configuration throughout the flight envelope.
First, an OFAT test matrix was run for the OH-58F to serve as the baseline for comparison to the DOE surface response model. The matrix was a single run with a total of 24 points and consisted of sweeps in forward speed (µ), fuselage sideslip angle (β), and fuselage angle of attack (α), with each variable changed independently at constant rotor thrust (C T = 0.007). The run schedule for the baseline OFAT OH-58F testing is summarized in Table 1 in the Appendix.
The DOE test matrix used the four independent variables to create a 4-D design space that consisted of 46 points. To complete the design space tested with the DOE process using an OFAT test matrix, 2184 points would have been required. Thus, the DOE test matrix required only 2% of the total number of points for the same design space. The number of OFAT points was calculated from possible combinations of the independent variables: C T =6, α=7, β=13, µ=4.
D. AFC Test Case Study
For the AFC test, the GRMS was enclosed by the ROBIN-mod7 fuselage with the aft ramp housing fluidic actuators used for drag and download reduction. Details of the test are included in Ref. 8 and a photograph of the model is shown in Fig. 5 . The aft ramp consisted of three independent zones of the fluidic actuators as displayed in Fig. 6 . In each zone, the input pressure could be controlled independently. For the DOE portion of the test, the three zones were restricted to a vertical zone (P v ) formed by P 1 and P 3 and a horizontal zone (P h ) formed by P 2 . The 4-D DOE design space included the actuator vertical and horizontal pressures in addition to the fuselage pitch (α) and advance ratio (µ).
Only the percent drag change results were explored during this effort. The percent drag change for the DOE test matrix was calculated by measuring the drag change with the actuators on/off at each test condition. The DOE test matrix consisted of 29 test conditions; therefore, 58 data points were required to determine the percent drag change.
During data processing, it was determined that additional test conditions were required to supplement the original DOE test matrix to create an accurate third order model. An additional 67 test conditions from the OFAT were used to create the DOE surface response model for a total of 96 test conditions. While the increase in the number of test conditions required was significant it was only 6% of the total number of test conditions required to cover the design space using OFAT. For the OFAT test matrix, 1536 test conditions would have been required. The number of test conditions was calculated from possible combinations of the independent variables: µ=4, α=6, P v =8, P h =8.
III. DOE Model Description
Before selecting a design for the OH-58F and AFC tests, a form of the mathematical relationship between the responses and the independent variables was assumed. The postulated model for both tests was based on a secondorder Taylor-series expansion for k independent variables and is given by
This model form is common in response surface applications and was considered to be an adequate representation based on expertise and historical data.
The x variables in Eq. (1) represent normalized values of the independent variables based on the range of each independent variable in natural or engineering units. The conversion between normalized and natural units was done by
where x i is the normalized variable and ξ i is the variable in natural units. Because of the normalization, it was possible to compare the magnitudes of the regression coefficients to determine relative impact of the independent variables on the responses.
A. OH-58F DOE Design
The effect of fuselage angle of attack (α, x 1 ), fuselage sideslip angle (β, x 2 ), advance ratio (µ, x 3 ), and thrust coefficient (C T , x 4 ) on download and drag were varied across low (-1) and high (+1) values to understand the impact on the download and drag during the OH-58F test. The ranges, in engineering units, of each independent variable are given in Table 2 . Eq. (1) as the assumed model form, two designs were proposed that supported estimation of the fifteen model parameters, which are the first and second order terms plus the intercept. The spherical central composite design (SCCD) and face-centered central composite design (FCCD) shared a common center and set of axial points, as shown in Figure 7 . The difference in the two designs is in the location of the factorial points. A factorial combination is when all of the independent variables are active (x i = 0). For the SCCD, the factorial points were located at a distance of 1.4 normalized units from the center of the design space whereas the FCCD factorial points were located 2 normalized units from the center. As a result, the flight parameters were more extreme in the FCCD. While each design was sufficient for estimating the parameters in the mathematical model, the low cost to execute both designs led to the decision to use the SCCD and the FCCD. Replicates were run with the four independent variables at their nominal levels to the experimental error, or noise, in the data. The combination of the two designs permitted estimation of higher-order (third-order) effects that were not assumed in the original model.
B. AFC DOE Design
For the AFC test, angle of attack (α, x 1 ), advance ratio (µ, x 2 ), vertical actuator pressure (Pv, x 3 ), and horizontal actuator pressure (Ph, x 4 ) were varied to observe the impact on drag. Using Eq.
(1) as a starting point, a Box-Behnken design (BBD) was selected as a baseline. BBDs, shown in Figure 8 , are another popular design for second-order response surface applications Ref. 9. For k = 4 factors, the BBD is a combination of six (6) blocks where two (2) factors are varied through a two-level factorial design. With a center point, the four-factor BBD contains twenty-five (25) unique runs. BBDs are also appealing because the factor settings are less extreme than those in a CCD because only a subset of the factors are active. However, the BBD for the AFC test was slightly modified to eliminate factor combinations not of interest, such as low advance ratio with the horizontal actuator pressure at its low setting. This modification was done with minimal impact to the estimation of the model. Replicate points were included at factor combinations of high interest. The resulting design contained twenty-nine (29) points, which was an improvement in efficiency over the CCD. The BBD design was not selected for the OH-58F because the BBD design is inherently less powerful at determining the interactional coefficients at the corners of the design space, which was a requirement for the OH-58F test.
IV. Results
To quantify the accuracy of DOE as used during these case studies, the developed models were compared to the results measured using OFAT run schedules. The results for each case study are compared in the following sections.
A. OH-58F Results
The developed surface response model for the OH-58F was compared to the baseline data acquired using an OFAT test matrix. The DOE surface response model coefficients are given in Table 4 in the Appendix. The drag was modeled using only second-order terms, while the download was modeled using third-order terms. The third-order coefficients could be calculated because the DOE test matrix was a combination of SCCD and FCCD second-order designs. The normalized equivalent flat plate drag and download is shown in Figures 9(a) and 9(b) for fuselage pitch and sideslip angles, respectively. The solid lines are the DOE surface response model and the dashed lines represent the model confidence region calculated using the average standard deviation of the model. The points are the measured drag and download values from an OFAT test matrix run and the error bars are the experimental error estimated using the balance accuracy values. In general, both the drag and download models are very good. The results are summarized in Table 5 in the Appendix. For this run, the maximum error of the surface response model is 5.67% and 7.75% for drag and download, respectively. The average error is 0.95% and 4.06%. The maximum error values occur at small or zero model attitude in both pitch and sideslip where the dimensional values of drag and download are small compared full-scale range of the balance.
A key advantage of the DOE over OFAT approach is the ability to develop data points at off-nominal test conditions. The surface response model creates a k-dimensional volume of data rather than discretized plots at nominal conditions. If a single thrust condition is selected within the 4-D design space, C T = 0.007, a 3-D volume of normalized flat plate equivalent drag, ε f e , versus advance ratio, pitch angle and sideslip can be generated. Five slices of the data volume are shown in Fig. 10 . The points in the figure represent conditions that data were acquired within the DOE test matrix. The fuselage drag is asymmetric with the drag being higher nose right, negative β , than nose left. The asymmetry is pronounced at higher flight speeds and nose down, negative α, attitude. The asymmetry in the drag is expected due to asymmetry of the mission equipment arrangement on the aircraft, see Fig. 4 . Obtaining this type of data volume using a standard OFAT matrix would require a minimum of 364 data points compared to the 46 points required using DOE. However, it is not a one-to-one comparison since the DOE surface response model includes data at six thrust conditions or 2184 total data points. This equates to a 47 times (2184/46) reduction in the number of data points required. The OH-58F DOE run of 46 points required 2.5 hours to complete, or approximately 3 minutes per point. The amount of data acquired was equal to 117.5 hours of run time or 710 hours of tunnel time, assuming a wind-on rate of 25%.
B. AFC Results
The percent change in drag coefficient, ∆C d , for the AFC test was compared to the baseline data acquired using an OFAT test matrix. The OFAT change in drag coefficient data is presented in Fig. 11(a) . The percent change in drag shows a step change above approximately 7 psi on both the horizontal and vertical actuator pressures. The step change is a result of the minimum pressure required to achieve the instability required to cause the actuator to oscillate. Below approximately 7 psi, it has been shown by hotwire velocity measurements that the actuator produces steady blowing biased to one side of the actuator exit. As a result of this step change, additional data points from the initial DOE test matrix were required to capture the percent drag change response. These additional data points were selected when the horizontal and/or vertical pressure was approximately equal to 7 psi. A total of 67 additional points were added from the OFAT test matrix to supplement the DOE test matrix to develop the surface response model.
The developed surface response model for the AFC case study was used to generate a contour plot, shown in 11(b), at α = −3.5 • and µ = 0.30 in comparison to the data acquired using OFAT shown in 11(a). The OFAT data acquired and the surface response model data are shown in Table 7 in the Appendix. The maximum and minimum percent difference was 1.7% and -4.1%, respectively with a standard deviation of 1.4. A total of 214 data points were acquired within the design space of the DOE surface response model. Of the 214 data points, 96 data points were used to create the surface response model. The average standard deviation over the entire design space was 1.22.
The coefficients of the AFC surface response model are shown in Table 6 in the Appendix. The coefficients are a useful way to analyze the data to better understand the interaction of each variable. For instance, the first order terms show that the horizontal actuator pressure, P h , has no effect on the percent drag change but it is highly dependent on the vertical pressure, P v in the first order. Again in the first order, the change in model pitch, α, accounts for approximately one-third of maximum achievable drag reduction.
The response surface model was also used to generate the contour plots of the percent drag reduction as a function of advance ratio, µ, and fuselage pitch, α. The contour plots are shown in Fig. 12 for a constant vertical actuator pressure, P v = 20 psi, and increasing P h from 5 to 20 psi in 5 psi increments in Figs. 12a-d , respectively. The general trend is that the percent drag reduction decreases with increasing advance ratio and nose up fuselage pitch. In the case of advance ratio, the reduction is a result of reduced actuator authority at higher speeds and an increase in the baseline drag value. For nose up pitch, the decrease in percent drag reduction is a result of small baseline drag value where active flow control may not be required. At horizontal actuator pressures of 5 and 20 psi, Fig. 12a and Fig. 12d , the percent download reduction are nearly identical. At the lowest advance ratio and largest nose down fuselage pitch, a horizontal actuator pressure of 5 and 20 psi yielded the largest reduction in percent drag reduction. For the highest advance ratio and zero fuselage pitch, a horizontal actuator pressure of 15 psi caused the largest reduction in percent drag reduction.
The ability to determine the optimal actuator configuration as a function of flight condition without running of the possible actuator configurations at each flight condition is a substantial time savings. It is difficult to determine a numerical metric on the exact time savings since it is a function of the step selected for each independent variable. However, if coarse step sizes are selected, a conservative estimate of 1536 data points would be required to cover the design space of the AFC DOE surface response model. Compared to the 96 data points required for the DOE testing; therefore, a 16 times reduction in the number of data acquired could have been realized.
C. Discussion
The execution of a DOE test matrix with a powered model is quite different than an OFAT test matrix. The entire test team, which consisted of: the test director, model/tunnel operators and safety of flight station monitor, were required to have increased situational awareness due to multiple changes in the independent variables for each test point. The notable operational differences were:
Independent variable tolerance
It is important to set tolerances for each independent variable so that the model and tunnel operators can efficiently meet the intended test condition. During the OH-58F testing (the first of the two test cases), the model and tunnel operators were attempting to adhere to the independent variable tolerances defined during OFAT testing. Such precision tended to eliminate the time-savings desired with a DOE testing approach without improving the accuracy.
Combined static/dynamic loads
When simultaneously varying all of the independent variables, the model may be in a combined loading condition outside of the previously explored operational envelope. For static loads, the combination of the independent variables may exceed the static load limits of the balance. For powered rotor testing, where rotor wake effects can be highly non-linear, unexpected dynamic loading may be experienced at unique combinations of the independent variables. Additionally, the model system dynamics could be a function of the model attitude. The test director and the safety of flight station monitor must be in close communication throughout model attitude, tunnel speed and rotor trim condition changes to ensure safe operation throughout a DOE test matrix.
Inability to easily distinguish data trends real-time
When operating an OFAT test matrix, it is inherently easy to distinguish the dependent variable response as a function of the independent variable. By design, the DOE couples several independent variables making it difficult for the researcher to identify the independent variable coupling prior to creating the response surface model. The researcher must instead rely on the method/process rather than the immediate results. It should be noted that with sufficient planning a response surface model can typically be generated within a few hours of the data being acquired. By generating the response surface model prior to the end of the test, confirmation points can be performed to validate the model.
The two case studies also offered some lessons learned that can be applied to future wind tunnel tests. To create an accurate surface response model with a small number of data points, it is important for the researcher to understand the design space and identify regions in the design space that may be non-linear. This was highlighted by the additional points required for the AFC surface response model to capture the step change in actuator performance. This is analogous to a drag bucket or lift curve stall response for an airfoil test. With the proper planning, these non-linear and/or step changes can be accounted for by understanding their approximate locations within the design space.
V. Conclusions
Two case studies of DOE testing approaches were completed for powered rotor testing in the 14x22 wind tunnel during the summers of 2012 and 2013. The case studies compared the generated DOE surface response models to data acquired using standard OFAT test matrices. The study also compared the operational differences of the two approaches as it applies to powered rotor testing.
The OH-58F DOE test matrix of 46 points required approximately 2.5 hours to complete, but the amount of useful data was equal to approximately 117 hours of run time or 710 hours of tunnel time, assuming a wind-on rate of 25%. The maximum error of the surface response model was 5.67% and 7.75% for drag and download, respectively. The average error was 0.95% and 4.06%.
For the AFC case study, a 16 times reduction in the number of points could have been realized for the design space explored with the DOE test matrix. A total of 214 OFAT data points were compared to the DOE surface response model with a maximum error of 4.1% and a standard deviation of 1.22.
Operationally, three key differences between OFAT and DOE testing were identified. The differences were related to variable tolerance, combined loadings and real-time data trends. The operational differences did not prevent safe operation of the test, but did require increased situational awareness of the entire test team.
Based on the results of these case studies, DOE methodology will certainly be applied to future U.S. Army powered-rotor wind-tunnel testing efforts. The researchers and tunnel staff gained valuable experience operating a power rotor model through a DOE test matrix. The AFC case study highlighted the need for confirmation points to validate the DOE surface response models, but ultimately an accurate surface response model was generated. The potential time savings of a DOE methodology, while maintaining accuracy, is too great to ignore.
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